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Abstract 15 
 16 

Biological systems are inherently complex and heterogeneous. Deciphering this 17 
complexity increasingly relies on high-throughput analytical methods and tools that efficiently 18 
probe the cellular phenotype and genotype. While recent advancements have enabled various 19 
single-cell -omics assays, their broader applications are inherently limited by the challenge of 20 
efficiently conducting multi-step biochemical assays while retaining various biological 21 
analytes. Extending on our previous work (1) here we present a versatile technology based on 22 
semi-permeable capsules (SPCs), tailored for a variety of high-throughput nucleic acid assays, 23 
including digital PCR, genome sequencing, single-cell RNA-sequencing (scRNA-Seq) and 24 
FACS-based isolation of individual transcriptomes based on nucleic acid marker of interest. 25 
Being biocompatible, the SPCs support single-cell cultivation and clonal expansion over long 26 
periods of time – a fundamental limitation of droplet microfluidics systems. Using SPCs we 27 
perform scRNA-Seq on white blood cells from patients with hematopoietic disorders and 28 
demonstrate that capsule-based sequencing approach (CapSeq) offers superior transcript 29 
capture, even for the most challenging cell types. By applying CapSeq on acute myeloid 30 
leukemia (AML) samples, we uncover notable changes in transcriptomes of mature 31 
granulocytes and monocytes associated with blast and progenitor cell phenotypes. Accurate 32 
representation of the entirety of the cellular heterogeneity of clinical samples, driving new 33 
insights into the malfunctioning of the innate immune system, and ability to clonally expand 34 
individual cells over long periods of time, positions SPC technology as customizable, highly 35 
sensitive and broadly applicable tool for easy-to-use, scalable single-cell -omics applications. 36 
 37 
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 2 

Introduction 39 
 40 

Current understanding of the fundamental principles of life increasingly relies on 41 
analytical methods and tools that can offer inexpensive and highly accurate single-cell and 42 
single-molecule analysis. A rich variety of platforms and techniques developed to-date provide 43 
a means to dissect the biological functions of genome (2-4), transcriptome (5-10), and 44 
epigenome (11-14) in single cells, and have paved the way for a broad range of applications 45 
and biological discoveries (15-20). However, existing methods and tools for single-cell -omics 46 
research suffer from key inherent constrains. High-throughput methods relying on droplet 47 
microfluidics (5-7) are largely restricted to one-pot reactions where cells and analytical 48 
reagents must be simultaneously loaded during generation of water-in-oil droplets and cannot 49 
be replaced downstream the process. On the other hand, microtiter plates offer assay flexibility, 50 
yet are cumbersome to use in single-cell biology research, require large reaction volumes, and 51 
offer limited throughput. An ideal approach for profiling large numbers of single cells should 52 
combine the advantages of both systems – scalability and throughput of droplet microfluidics 53 
and versatility of microtiter plate-based platforms.  54 
 55 

We recently described the method for generating semi-permeable capsules (SPC) 56 
applicable to a high-throughput single-cell RNA cytometry with a single-molecule resolution 57 
(1). The SPCs, similarly to porous hydrogel beads (21), simplify the execution of multi-step 58 
reactions through bulk processing, since the required assay reagents can be loaded or removed 59 
by simple buffer exchange. However, in contrast to hydrogel beads, where encapsulated cells 60 
or their genetic material are entangled within a hydrogel mesh, the SPCs are composite 61 
compartments with a liquid core that is wrapped in a thin shell with a tunable permeability. As 62 
a result, encapsulated cells and biomolecules that reside in the liquid phase do not experience 63 
steric hindrance and obstruction as do biomolecules embedded in a gel phase (22, 23). While 64 
single genomes, due to their massive size, can be efficiently retained in hydrogels through 65 
different enzymatic steps (24, 25), capturing smaller entities, such as single cell transcriptomes, 66 
is a much more challenging task. Current approaches mainly rely on hybridization of mRNA 67 
molecules to poly(dT) primers crafted on a hydrogel mesh (26, 27), which yet again negatively 68 
impacts transcript capture efficiency and accessibility to nucleic acid processing enzymes. 69 
 70 

In this work, we demonstrate a broad utility of SPCs on a variety of nucleic acid assays 71 
including digital PCR, single-cell RT-PCR, genome sequencing, single-cell RNA sequencing 72 
(scRNA-Seq) by split-and-pool barcoding of mRNA, FACS-based isolation of single 73 
transcriptomes based on the expression of RNA marker of interest, and single cell clonal 74 
expansion. Once encapsulated in SPCs, tens of thousands of single cells can be separately 75 
cultivated and expanded for days and weeks, or alternatively, lysed and processed through a 76 
series of biochemical reactions to probe their genotype and phenotype. Taking advantage of 77 
these unique properties of SPCs we implemented scRNA-Seq approach (CapSeq) that enables 78 
accurate and comprehensive capture of diverse cell types that is challenging to achieve with 79 
other state-of-the-art platforms. Single-cell transcriptional profiling of circulating cells of acute 80 
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myeloid leukemia patients uncovered distinct leukemic cell phenotypes that were shared across 81 
the patients and correlated with clinical risk classifications. Furthermore, we identified 82 
functionally compromised granulocyte phenotypes expressing the gene markers typically 83 
associated with blast and progenitor cells. Next, to accentuate the versatility of SPCs, we 84 
combined CapSeq with single-cell RNA cytometry (1) and FACS to enrich cells expressing a 85 
long non-coding RNA MIR181A1HG that was upregulated in AML patients. The 86 
accompanying work from Klein and Srivastan groups reports SPCs of different composition 87 
and extends their utility beyond scRNA-Seq applications. Taken together, the extensive 88 
breadth of applications enabled by the semi-permeable capsules, positioning this technology 89 
as the next-generation tool for flexible, user-friendly and scalable single-cell based assays.  90 
 91 
Results 92 
 93 
Physical and biochemical properties of semi-permeable capsules 94 
 95 

Semi-permeable capsules (SPCs) are microscopic liquid vessels enveloped by a thin 96 
and porous shell (Figure 1). We generate SPCs using droplet microfluidics in combination 97 
with an aqueous two-phase system (ATPS) composed of dextran and methacryloyl-modified 98 
gelatin (GelMA)(1). The liquid mixture comprising these two biopolymers exhibits liquid-99 
liquid phase separation phenomenon under a broad range of concentrations (Figure S1). Upon 100 
emulsification, the two biopolymers rapidly phase-separate into a concentric core-shell 101 
topology, with the polypeptide shell completely enclosing the liquid core (Figure 1B and 1C). 102 
To solidify the outer shell, we cool the droplets, remove the carrier oil, and then cross-link the 103 
methacryloyl groups by photopolymerization thereby rendering the shell thermo-resistant 104 
(Figure 1D, Methods). By adjusting the flow rates of the microfluidics device, we obtain SPCs 105 
in a size range from 35 to 260 µm, without compromising their concentric structure 106 
(Figure S2). Concurrently, by altering the concentration of GelMA we can precisely tune the 107 
shell thickness (Figure S2C). Hence, the size of SPCs and shell thickness can be adjusted to 108 
meet different experimental needs (Figure S2B and S2C). In a typical scenario we generate the 109 
SPCs of 70 ± 2 µm in size and with the shell thickness of 2.2 µm. 110 
 111 

One of the notable characteristics of SPCs is their resilience. The capsules withstand 112 
routine laboratory operations, including pipetting, centrifugation, multiple freezing-thawing 113 
cycles, and high temperatures (e.g., 98 ºC). The SPCs remain intact in a variety of organic and 114 
inorganic solvents (Figure S3A), yet they can be easily decomposed by protease (Figure S3B). 115 
The small amount of dextran (approx. 3% [v/v]) present in the core of SPC, prevents the shell 116 
from buckling or collapsing under compression or physical strain, yet, if required, the dextran 117 
can be cleared by treating SPCs with dextranase enzyme (Figure S4A).  118 
 119 
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 120 
 121 
Figure 1. The generation and biochemical properties of semi-permeable capsules (SPCs).  122 
A) Conceptually, the SPCs represent liquid droplets enveloped by a thin semi-permeable shell, which is 123 
reminiscent of a dialysis membrane. This membrane is permeable to assay reagents, oligonucleotides, and 124 
enzymes, yet it efficiently retains longer nucleic acid molecules inside the capsule.  125 
B) The confocal image of a SPC prepared with fluorescently labelled gelatin, which forms a thin outer layer 126 
surrounding the liquid core. Scale bar 50 µm. 127 
C) The bright field image of a SPC suspended in phosphate buffered saline (1x PBS) and carrying a single cell. 128 
Scale bar 50 µm. 129 
D) The generation of SPCs relies on droplet microfluidics and aqueous two-phase system (ATPS), which in this 130 
work comprises high molecular weight dextran (500 kDa) and methacryloyl-modified gelatin (GelMA). Upon 131 
liquid-liquid phase separation, the GelMA forms a shell, which is then solidified by cooling (physical-132 
crosslinking) followed by photopolymerization (chemical-crosslinking).  133 
E) Selective retention of nucleic acid fragments by SPCs suspended in 1x PBS, over the course of 4 hours at 134 
22 ºC.  135 
F) The permeability of SPCs to proteins and biopolymers at 22 ºC.  136 
G) Fluorescence image of a randomly selected capsule after 3 min incubation with 0.1 µM FITC-BSA 137 
(MW 66 kDa) at 22 ºC. 138 
H) Fluorescence image of a randomly selected capsule after 60 min incubation with 0.2 µM FITC-Dextran 139 
(MW 500 kDa) at 22 ºC. 140 
 141 

Another favorable feature of SPCs is their ability to fully retain DNA fragments longer 142 
than 300 bp. (Figure 1E), while simultaneously allowing assay reagents and proteins to diffuse 143 
through (Figure 1F). Given the molecular weight of commonly used enzymes such as M-144 
MulV-type reverse transcriptase (71 kDa) and Taq DNA polymerase (97 kDa) these proteins 145 
should saturate the core of SPCs within a few minutes (Figure 1F). High molecular weight 146 
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biopolymers such as 500 kDa dextran (Stokes radius of 14.7 nm) cannot permeate SPCs 147 
(Figure 1H) indicating that the pore size of the shell is below 15 nm. The proteinaceous nature 148 
of the shell makes SPCs both biocompatible and biodegradable, while high stability and 149 
transparent nature of SPCs makes them amenable to a high-throughput sorting using 150 
conventional FACS instruments (Figure S4B), thereby providing a straightforward approach 151 
to enrich encapsulated cells for a desirable phenotypic or genotypic trait. 152 
 153 
Semi-permeable capsules provide a versatile tool for complex biochemical and cell-154 
based assays 155 
 156 

Given the selective retention of nucleic acids (>300 bp) and permeability to proteins 157 
(<200 kDa), SPCs can benefit a variety of biochemical and cell-based assays, some of which 158 
are presented in Figure 2. In each scenario, cells, microorganisms, nucleic acids, or other 159 
biological species are isolated in SPCs at a dilution such that, on average, one capsule carries 160 
no more than a single entity. Once sample of interest is encapsulated, the SPCs can be pooled 161 
and processed in parallel through a series of biochemical reactions aiming to probe the 162 
encapsulated cells and biomolecules (Figure 2A). Following this basic principle, we 163 
demonstrate a variety of nucleic acid assays such as single DNA molecule amplification and 164 
digital quantification (Figure 2B), single-cell RT-PCR (Figure 2C), single genome 165 
amplification (Figure 2D), and whole genome sequencing (Figure 2E). These non-exhaustive 166 
examples illustrate how SPCs can be leveraged to conduct complex nucleic acid assays in 167 
regular laboratory tubes while maintaining single-cell, or single molecule, resolution. 168 

 169 

 170 
 171 
Figure 2. Selected examples of nucleic acid applications using SPCs.  172 
A) The general strategy for conducting nucleic acid assays on single cells, or single DNA molecules, encapsulated 173 
in SPCs. At first, analytes of interest are isolated in SPCs using high-throughput droplet microfluidics followed 174 
by subsequent steps that are microfluidics-free and are conducted in a regular laboratory tube by processing all 175 
SPCs in bulk.  176 
B) Single DNA molecule amplification and analysis by digital PCR (staining dye: SYBR Green I). 177 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted March 17, 2025. ; https://doi.org/10.1101/2025.03.14.642805doi: bioRxiv preprint 

https://doi.org/10.1101/2025.03.14.642805
http://creativecommons.org/licenses/by-nc-nd/4.0/


 6 

C) Multiplex single-cell RT-PCR targeting transcripts encoding CD45, yes-associated protein 1 and β-actin. The 178 
SPCs carrying cells expressing both CD45 and ACTB appear as cyan, YAP and ACTB as pink, and ACTB alone 179 
as blue. 180 
D) Single genome amplification of human lymphoblast cells (K-562) by phi29 DNA polymerase and staining 181 
with SYTO dye (yellow). The SPCs containing single amplified genomes appear larger due to swelling.  182 
E) The circular map of a whole genome sequencing of SPC-encapsulated lymphoblast cells.  183 
Scale bars, 50 µm 184 
 185 

Besides nucleic acid analysis, the SPC technology supports cell growth over a long 186 
period of time thereby overcoming a major limitation of droplet microfluidics (Figure 3A). 187 
For example, in Figure 3B we demonstrate a single cell derived spheroid formation in capsule 188 
over a period of 11 days, although cultivation for several weeks is also feasible. Similarly, 189 
microorganisms such as bacteria and yeast can be effectively expanded into isogenic 190 
microcolonies and analyzed further (Figure S4C and S4D). Interestingly, as the dividing cells 191 
fill the entire volume of the capsule and continue expanding, the elastic nature of the shell 192 
sustains the integrity of SPC allowing it to swell more than 2-times in size, without bursting 193 
(Figure 3C). A brief exposure to collagenase enzyme, however, rapidly disintegrates the 194 
proteinaceous shell thereby enabling fast release of the encapsulated cells without damaging 195 
them (Figure 3C and Figure S4E, Supplementary Videos 1 and 2). Of note, releasing the inner 196 
content of SPCs under mild and physiologically relevant conditions is also important for 197 
efficient recovery of encapsulated nucleic acids and other delicate biomolecules. Overall, we 198 
show that semi-permeable capsules provide a versatile and universal platform for conducting 199 
a broad range of biological and nucleic acid-based assays that are built on multi-step reactions 200 
and workflows.  201 
 202 

 203 
 204 
Figure 3. The use of SPCs for live cell cultivation and expansion.  205 
A) The schematics of conducting 3D cell cultivation and clonal expansion with SPCs. The single cells isolated in 206 
SPCs are placed in a suitable growth medium to allow clonal cell expansion and spheroid formation.  207 
B) The cell culture in SPCs using suspension cells (top row) and adhesive cells (bottom row) over the course of 208 
8 and 11 days, respectively.  209 
C) The spheroids enclosed in SPCs are released upon addition of collagenase enzyme [E].  210 
Scale bars, 50 µm. 211 

 212 
 213 
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Capsule-based RNA-Sequencing (CapSeq) for high-throughput single-cell transcriptomics  214 
 215 

Considering the broad utility of SPCs, as one of the applications we sought to derive a 216 
method for single-cell transcriptomics that we named CapSeq (Capsule-based RNA-217 
Sequencing). The overview of CapSeq is outlined in Figure 4A. At first, we isolate single cells 218 
in SPCs and following their lysis and several washing steps we obtain SPCs with purified 219 
individual transcriptomes free of intracellular inhibitors (e.g., nucleases). We then distribute 220 
SPCs in a 96-well plate (~1000 SPCs per well) and perform cDNA synthesis with poly(dT) 221 
primers having a 1st set of barcodes (R1) and unique molecular identifier (UMI). After 222 
completing RT step, we pool the SPCs and redistribute them into 2nd microtiter plate and 223 
conduct a ligation reaction with a 2nd set of barcodes (R2). We repeat a split-and-pool procedure 224 
one more time to tag cDNAs with a 3rd barcode (R3). After completing 3-rounds of barcoding, 225 
the SPCs are pooled and redistributed into sub-libraries at a desirable cell count, and 226 
sequencing barcodes (R4) are incorporated by indexing PCR. As a result, we can obtain over 227 
10 million barcode combinations (R1-R2-R3-R4) enabling us to barcode 300k of single cells 228 
in one run, with 1% multiplet rate. After sequencing, the composition of the cell transcriptome 229 
is determined by combining reads with the same barcode combination (Methods). 230 

 231 

 232 
Figure 4. CapSeq performance.  233 
A) Schematics of capsule-based single-cell RNA-Seq (CapSeq) approach.  234 
B) CapSeq performance on K-562 cell line at a sequencing depth 20.000 reads per cell.   235 
C) Left: Flowchart detailing harsh and mild lysis workflow. Right: White blood cells from a healthy individual, 236 
prepared for scRNA-Seq under harsh and mild lysis conditions, projected on a UMAP. Note, the reduced recovery 237 
of neutrophils and basophils (Bsph) under mild lysis conditions.  238 
D) Comparative analysis of transcript and gene recovery in healthy human neutrophils with CapSeq, 10X 239 
Genomics (V3.1) and BD Rhapsody platforms (downsampled to 15’000 reads per cell).  240 
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We have optimized reverse transcription (RT) reaction, split-and-pool barcoding steps, 241 
and scRNA-seq library preparation aiming at improving transcript capture, barcoding 242 
efficiency, and reaction specificity (Methods). At first, we evaluated the performance of 243 
CapSeq by encapsulating K562 and NIH/3T3 cells and following split-and-pool barcoding we 244 
sequenced the libraries at a depth of 20’000 reads/cell. We obtained >10’000 transcripts and 245 
>3’000 genes per cell on average, with a mapping rate of 88.85% (Figure 4B and Figure S5). 246 
Compared to other scRNA-seq methods based on split-and-pool approach, CapSeq offers 247 
improved transcript capture (Figure S5B). To further assess CapSeq performance, we profiled 248 
white blood cells (WBCs) extracted from a healthy individual. We noticed that cell lysis 249 
conditions commonly used in droplet microfluidics and microtiter plate-based platforms failed 250 
to efficiently recover neutrophils; a serious limitation that has been reported previously (28). 251 
Compared to other immune cells, neutrophils are notoriously fragile, rich in nucleases, and 252 
carry the lowest amount of RNA (29) making them particularly challenging to capture and 253 
analyze. Only when we performed cell lysis with a strong denaturant (i.e., 4M GITC), we could 254 
successfully recover neutrophils and other hard-to-recover cell types such as basophils 255 
(Figure 4C). Therefore, CapSeq offers an immediate advantage for profiling the 256 
transcriptional state of highly sensitive and fragile cells that remain challenging to study using 257 
the existing scRNA-seq platforms. 258 
 259 

After finding that harsh-lysis conditions are necessary to achieve efficient recovery of 260 
granulocytes, we conducted additional rounds of optimization aiming at improving UMI/gene 261 
capture in these and other immune cells. We noticed that a significant fraction of transcripts 262 
failed to incorporate PCR adapter by template switching (TS) reaction during cDNA synthesis 263 
despite our efforts to optimize RT reaction conditions (Figure S6). To rescue those cDNA 264 
molecules that failed to incorporate PCR adapter at the 5’ end we arrived at a protocol that 265 
includes a ligation step to attach a hairpin adapter (30) (Methods). This led to transcript 266 
recovery improvement over 3-fold (Figure S6), allowing us to achieve a significantly higher 267 
sensitivity for one of the most challenging cell types (i.e., neutrophils) than the best-performing 268 
approaches reported to-date (Figure 4D). These results illustrate that conducting scRNA-seq 269 
workflow, where each biochemical reaction is decoupled and conducted independently from a 270 
preceding one, can significantly improve transcript capture and recovery. 271 
 272 
Profiling hematopoietic disorders using CapSeq 273 
 274 

To demonstrate the broader utility of CapSeq, we profiled WBCs extracted from 275 
patients suffering from hematopoietic disorders (Table S1-S3). Because mRNA in clinical 276 
samples is prone to fast degradation, which can lead to substantial biases in data analysis, we 277 
first safeguarded the transcriptional state of the cells by preserving them in methanol 278 
(Methods). In a series of independent experiments, we derived a protocol enabling reliable and 279 
reproducible recovery of WBCs following blood collection, preservation, rehydration, and 280 
single-cell mRNA sequencing (Methods). We confirmed that highly diverse cells of innate and 281 
adaptive immunity are recovered with proportions closely matching the results of a recent 282 
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comprehensive study (31) (Figure S5D). Next, we performed scRNA-seq on 25 samples 283 
collected over the course of 6 months and obtained a comprehensive cell atlas consisting of 284 
86,447 transcriptomes (Figure 5, Figure S7 and Methods). It included WBCs of acute myeloid 285 
leukemia (AML) patients (n = 8) and follow-up samples (n = 5) of the same individuals who 286 
developed neutropenia condition following chemotherapy treatment (Figure S7). Untreated 287 
healthy (n = 4) and granulocyte colony-stimulating factor (G-CSF) treated donors (n = 5) were 288 
also included in the study to serve as references for comparative analysis of granulocytes and 289 
other non-leukemic cells. The targeted DNA sequencing of AML samples revealed canonical 290 
mutations (32) in NPM1 (62% of patients), TET2 (62%), FLT3 (62%) and other leukemia-291 
associated genes (Figure S7B and Table S4). 292 

 293 
We applied size factor normalization (CP10K), log-normalization and principal 294 

component analysis (PCA) followed by batch integration (33) to project cells in the Uniform 295 
Manifold Approximation and Projection (UMAP) 2D space (Figure 5A and Figure S8). The 296 
unsupervised graph-based clustering (Leiden) followed by supervised marker gene analysis 297 
(34, 35) enabled identification of all major circulating cell types including a rich spectrum of 298 
neutrophil states reflecting the continuum of their maturation as well as sequential formation 299 
of primary (azurophilic), secondary (specific) and tertiary (gelatinase) granules (Figure S9). 300 
We also successfully recovered neutrophils from the AML patients despite their fraction being 301 
substantially depleted (Figures S9C and S9D). Furthermore, the biological processes important 302 
for neutrophil function were faithfully captured by CapSeq revealing that in the AML context 303 
these cells are struggling to mount an efficient immune response due to impaired chemo-304 
sensing, migratory and degranulation activities (Figure S9G).  305 

 306 
 307 
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 308 
 309 
Figure 5. Transcriptional profiling of hematopoietic disorders using CapSeq.  310 
A) Single cell transcriptomes from 25 samples embedded on UMAP and colored according to annotated cell phenotypes.  311 
B) Force directed graph layout of the leukemic compartment.  312 
C) Gene set enrichment analysis of Hallmark pathways (MSigDB) was performed using ranked gene lists based on 313 
differential expression and statistical significance, comparing each AML cell cluster against all others (cluster vs. rest) 314 
or myeloid cell types between healthy donors and AML patients in pseudobulk analysis. Normalized enrichment score 315 
(NES) is represented by a color gradient, with blue indicating depletion (negative values) and red indicating enrichment 316 
(positive values). Statistically significant pathways (FDR < 0.05) are marked by a white dot.  317 
D) Upset plot showing shared differentially expressed genes among innate immune cell types when comparing AML 318 
patients and healthy donors. The bottom panel represents the intersecting cell types, while the top panel displays the 319 
size of the intersection (number of shared differentially expressed genes). Colored dots in the top panel indicate the 320 
most frequently shared genes across all intersections. 321 
E) A volcano plot illustrating all significantly differentially expressed genes in basophils from AML patients compared 322 
to healthy donors, with upregulated events shown in red and downregulated events in blue. 323 
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 324 
Consistent with minimal technical batch effects across samples, we observed low inter-325 

patient heterogeneity (high Shannon entropy) among immune cells and high diversity in 326 
leukemic cells (Figure S10A). The leukemic compartment clustered into multiple and largely 327 
patient-specific cell populations (Figures 5B, Figures S7C, S7D, S8D, and Tables S5, S6), 328 
with cycling AML cells exhibiting the highest entropy among the patients (Figure S10B). 329 
Using established gene signatures (36-38) we assigned AML cells to three major hematopoietic 330 
phenotypes corresponding to HSC/Progenitor-like (which separated into CD200-high and 331 
CD200-low populations), GMP-like and myelomonocytic cells (Figure 5B, Figure S10C and 332 
S10D). The majority of immature cells showed exclusive upregulation of well-defined marker 333 
genes (Figure S10E and Tables S7, S8) associated with hematopoietic stem cell phenotype 334 
(e.g., MEIS1 (38), SOX4, and ZNF521 (39, 40)). Interestingly, expression of HTR1F was 335 
upregulated in HSC/Prog-like blasts but not in GMP-like progenitor cells, or myelomonocytic 336 
cells (Figure S8E and Table S9), indicating its potential use as a distinct marker for the HSC-337 
like phenotype. In addition, blast and progenitor cells showed elevated expression of CDK6, a 338 
key regulator of the G1-S phase transition, and apoptosis suppressor RNF220 (Figure S8E, 339 
Table S9). On the contrary, the myelomonocytic blasts, the presence of which was also 340 
confirmed by flow cytometry (Tables S10 and S11), were negative for cell proliferation 341 
markers (Figure S8E) and displayed elevated hypoxia signature (Figure S10F) suggesting that 342 
these cells might be circulating in a quiescent state (41). Gene set enrichment analysis (GSEA) 343 
further revealed that, when compared to other AML-related cells, myelomonocytes display a 344 
relatively strong pro-inflammatory phenotype, while HSC/Prog-like and GMP-like cells 345 
exhibited reduced inflammation (Figure 5C), along with upregulation of MYC and E2F 346 
targets, consistent with a proliferative response. Stratification of patients based on the dominant 347 
phenotypes correlated with ELN2022 risk classification (42); patients carrying GMP- or 348 
HSC/Prog-like leukemic cells showed favorable and adverse risk, respectively (Figure S10H), 349 
recapitulating similar findings in the bone marrow studies (43, 44). 350 
 351 
Mature innate immune cells in AML display a dysfunctional phenotype 352 
 353 

Having confirmed that CapSeq faithfully captures relevant gene expression signatures 354 
in AML patients, next we sought to investigate the transcriptional landscape of mature innate 355 
immune cells. While basophils, neutrophils and monocytes execute different biological 356 
functions, we found that some genes in AML samples compared to healthy donors’ appear 357 
consistently upregulated in all or a fraction of these mature populations (Figure 5D and Tables 358 
S12-S16). The most shared genes across the granulocytes and monocytes (Table S17) were 359 
also expressed by blasts in our dataset (Table S18). Some of these genes (Table S17) remain 360 
poorly defined, yet others have important implications in cellular signaling, survival and 361 
differentiation, or are related to the general functioning of the innate immunity and 362 
development of AML disease (44-49). 363 
 364 
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The upregulation of IGF2BP2, FLT3, MEIS1, PLAC8 and MSRB3 in mature cells is 365 
particularly noteworthy given that these genes are typically associated with the progenitor/stem 366 
cell state of leukemic cells and are generally considered not to be expressed by differentiated 367 
cells. For instance, IGF2BP2 was recently shown to be overexpressed in leukemia stem cells 368 
(LSC), promoting their self-renewal and AML development (45). The expression of FMS‐like 369 
tyrosine kinase 3 (FLT3) is assumed to be limited to hematopoietic stem or progenitor cells, 370 
yet we observe expression of FLT3 in mature basophils (Figure 5E) and neutrophils (Table 371 
S12), as well as differentiated CD14 monocytes (Table S17). Another example, MEIS1, a 372 
transcription factor thought to mark HSC/progenitor cells (44), when co-expressed with 373 
HOXA9 (co-upregulated in CD14 monocytes from AML samples (Table S15)) denotes a 374 
specific monocytic-LSC program involved in progression and development of AML (46). On 375 
the same note, expression of PLAC8, also known as onzin, inhibits differentiation of AML cells 376 
(47), while MSRB3 has been shown to induce a stem-like state (48). Finally, FCGR1A (Table 377 
S17), also known as CD64, albeit generally expressed by healthy monocytes, was shown to 378 
mark LSCs (46). Together, upregulation of this set of genes is an interesting finding that has 379 
not been reported to date, and potentially indicates altered, stem-like state of mature innate 380 
immune cells. 381 
 382 

Dysregulation of intracellular signaling and membrane trafficking (e.g., increase in 383 
CPNE8, LRMDA, EAF2, GAS7 expression) further supports notation that mature cells in AML 384 
exhibit a dysfunctional phenotype. Pathway enrichment analysis revealed significant TNFɑ 385 
signaling via NFκB downregulation across all the innate populations (except for CD16 386 
monocytes, Figure 5C and Figure S9I). Interestingly, both CD16 and CD14 monocytes 387 
showed significant downregulation of OXPHOS, together with MYC targets V1 pathway, 388 
which was, conversely, upregulated in granulocytes. Furthermore, CD14 monocytes had 389 
impaired inflammatory response, while neutrophils were marked by diminished response to ɑ 390 
and ɣ interferon signaling. GSEA analysis further highlighted corrupted basophil activation in 391 
AML patients, as prominent downregulation of IL2-STAT5, a pathway essential to basophil 392 
function, was observed (Figure S9J).  393 

 394 
Taken together, our results indicate that in AML patients innate immune cells, but not 395 

lymphoid cells, share a strong signature of dysfunction and stemness. 396 
 397 
Single-cell RNA cytometry, sorting for regulatory RNAs expression and sequencing 398 
 399 

A large fraction of differentially expressed genes in leukemic compartment encoded a 400 
variety of regulatory RNAs (Figure 6A), including highly abundant MIR181A1HG, 401 
LNCAROD and LINC02147 (Figure 6B). In particular, our attention was drawn by 402 
upregulation of MIR181A1HG gene (Figure 6C), which encodes poorly characterized lncRNA 403 
that has been associated with multiple types of leukemias (50, 51) and is suspected to be 404 
involved in epigenetic regulation, as it produces at least two functional RNA molecules (52, 405 
53). One of them is intronic small RNA miR-181a, which plays a key role in hematopoiesis 406 
(54) and AML pathogenesis (55). The other is a long non-coding RNA that is localized in the 407 
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nucleus (53) and putatively interacts with several RNA-binding proteins, including the 408 
aforementioned IGF2BP2 (Table S19), a gene commonly upregulated in the differentiated 409 
myeloid cells of AML patients (Figure 5D). In our dataset, MIR181A1HG was co-expressed 410 
with genes involved in hematopoiesis, cell development and differentiation (Figure S11). 411 
 412 

 413 
 414 

Figure 6. Single cell transcriptome enrichment by FACS for expression of a nucleic marker of interest. 415 
A) Gene biotype distribution among the top 100 differentially expressed genes in AML cells compared to all other 416 
cells. 417 
B) Single cell transcriptomes embedded on UMAP and colored for MIR181A1HG, LNCAROD and LINC02147 418 
expression. 419 
C) Differentially expressed genes in AML cells, compared to all other cells, ranked by a combined score of 420 
differential expression and statistical significance. Each dot represents a gene and is colored by the adjusted P-421 
value. Positive score values indicate upregulated genes, while negative values correspond to downregulated genes 422 
in AML blast cells. 423 
D) Experimental design for sorting and sequencing single cell transcriptomes based on the nucleic acid marker of 424 
interest.  425 
E) Single cell transcriptomes of 4 AML patients (# 2, 4, 6 and 7) embedded on UMAP and colored according to 426 
the cell type. 427 
F) Sorted single cell transcriptomes for expression of MIR181A1HG embedded on UMAP  428 
G) Positive and negative fractions of FACS-sorted transcriptomes based on MIR181A1HG expression 429 
H) Differential abundance analysis of cell types between the positive and negative fractions of FACS-sorted cells 430 
based on MIR181A1HG gene expression. Log2 fold change is shown on the x-axis and indicated by a color 431 
gradient, with blue representing depletion and red representing enrichment of a given cell type in the positive 432 
fraction of FACS-sorted cells.  433 
 434 
 435 

To enrich the cells positive for MIR181A1HG we sought to combine CapSeq and 436 
single-cell RNA cytometry (1) and derive a general strategy allowing to acquire whole 437 
transcriptome sequencing data on single cells, FACS-sorted for a desirable nucleic acid marker 438 
(Figure 6D). At first, we confirmed that specificity of the target amplification from the 439 
barcoded cDNA library in SPCs remains high irrespectively of nucleic acid marker of interest 440 
(Figure S12A). In addition, to enable selective amplicon degradation and reduce potential 441 
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carry-over contamination we conducted targeted-PCR in the presence of uracil (Methods), so 442 
that later we could selectively hydrolyze PCR amplicon with the USERTM enzyme mix (56). 443 
We validated two approaches for constructing scRNA-seq libraries, both of which produced 444 
the expected size and distribution of nucleic acid fragments (Figure S12B). Next, we 445 
encapsulated methanol-preserved WBCs from four AML patients, which included varying 446 
levels of MIR181A1HG expression across different cell types with a fraction of peripheral 447 
blasts ranging from 9.4% to 39% (Table S3). After the RT reaction followed by split-and-pool 448 
barcoding, we combined SPCs into one tube and subjected them to a PCR using fluorescently 449 
labeled primers targeting cDNA encoding MIR181A1HG (Methods). The resulting capsules 450 
clearly separated into fluorescent (having an amplicon) and non-fluorescent (lacking an 451 
amplicon) populations as they passed FACS instrument and were sorted to a positive fraction 452 
(Figure 6E-G and Figure S12C). Out of ~17,000 sorted SPCs that were recovered, 15,000 453 
were used for sequencing, out of which we obtained transcriptomes for 14,440 cells. 454 
Sequencing confirmed robust enrichment of MIR181A1HG positive cells and depletion of 455 
MIR181A1HG negative cells in all patient samples (Figure S13A and S13B). For example, 456 
sorted leukemic blasts were enriched in all patient samples, while other cell types were depleted 457 
(Figure 6H, Figure S13C, Table S20). Collectively, these results clearly show the broad utility 458 
of SPC technology beyond regular scRNA-seq applications as it supports nucleic acid 459 
detection, FACS-based isolation and sequencing of single cells based on the expression of 460 
RNA markers. This approach has a potential to expand the scope of single-cell assays that rely 461 
on isolation of phenotypes based on nucleic acid markers that lack appropriate antibodies and 462 
probes.  463 
 464 
Discussion 465 
 466 
One of the major goals of single cell multi-omics methods is to provide a thorough and 467 
unbiased characterization of cellular genotype and phenotype both in health and disease, at 468 
scales ranging from several thousand to millions of cells and at a minimal cost. A large variety 469 
of single-cell -omics techniques developed to-date attempt to fulfill this goal (16, 57), yet the 470 
methodological and technological challenges of efficiently conducting complex molecular 471 
biology and biochemical workflows at high-throughput persist, restricting further applications.  472 
 473 
Here, we describe a highly versatile and broadly applicable technology for single-cell biology 474 
research that is based on semi-permeable capsules, or SPCs. The SPCs are uniform, concentric 475 
compartments, having a liquid core enveloped by a thin, and tunable, semi-permeable shell 476 
(Figure S2C, S2D). Single cells and biomolecules are loaded in SPCs using high-throughput 477 
microfluidics, yet once SPCs are produced, all subsequent operations become microfluidics-478 
free and can be carried out using standard laboratory pipettes and tubes, making the approach 479 
easy to adopt and implement. Being resilient, the SPCs sustain standard laboratory operations, 480 
freezing, thawing, thermocycling, sorting by FACS and different types of treatments with 481 
organic and inorganic solvents. Like hydrogel beads, SPCs support facile solvent exchange and 482 
compatibility with high-resolution imaging, yet in contrast to hydrogels the retention of nucleic 483 
acids in SPCs does not rely on physical embedding in a mesh, or hybridization to covalently 484 
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conjugated oligonucleotides. This feature is particularly advantageous, as capture of nucleic 485 
acid fragments in a free (liquid) state is orders of magnitude more efficient as compared to 486 
capture on a solid support (58, 59). The unique and useful feature of SPCs described in this 487 
work is their complete and selective retention of nucleic acid fragments longer than 300 bp. 488 
(Figure 1E), while simultaneously allowing enzymes as large as 160 kDa to enter the SPC 489 
within minutes (Figure 1F) and interact with target RNA or DNA molecules. This permeability 490 
cut-off is therefore well-suited for a large variety of multi-omics workflows, and if needed 491 
might be further tuned by adjusting the concentration and modification degree of the monomers 492 
in the shell. Considering that accurate representation of phenotype and biological functions 493 
depends on faithful and efficient biomolecule capture, the SPCs are exceptionally well suited 494 
for the analysis of individual cells.   495 
 496 
Another distinct advantage of SPCs is their exceptional biocompatibility. Single cells isolated 497 
within SPCs can be readily expanded into isogenic colonies over days – or even weeks 498 
(Figure 3) – thus overcoming a major limitation of droplet microfluidics technology. 499 
Cultivating encapsulated cells simply requires SPC dispersion in a cell culture flask. This 500 
straightforward experimental setup offers flexibility in designing complex cell-based assays 501 
that involve, for example, co-cultures of different cell types or rely on specific cell-to-cell 502 
communications via soluble factors. Importantly, releasing the cells is also elementary; 503 
exposing SPCs to collagenase enzyme breaks down the shell in a matter of minutes, enabling 504 
retrieval of single cells or microcolonies without damaging them, a prerequisite for functional 505 
cell-based screening assays. 506 
 507 
Taking advantage of distinctive SPCs properties, we implemented a universal and highly 508 
customizable scRNA-seq approach, entitled CapSeq, based on combinatorial split-and-pool 509 
barcoding and sequencing. The high cell capture rate and superior sensitivity of CapSeq 510 
allowed us to profile the full diversity of peripheral blood cells of AML patients, including the 511 
extremely fragile innate immune cells that are particularly difficult to work with due to their 512 
minimal RNA content (29). CapSeq-enabled comprehensive depiction of cellular 513 
heterogeneity in AML revealed a shared dysfunctional, stem-like state in the mature innate 514 
immune cell compartment, including granulocytes. These results raise two equally likely 515 
hypotheses about the observed phenotypes: it may either reflect the shared cells’ response to 516 
the AML-induced microenvironment or suggest the enduring potential of AML blasts to 517 
differentiate into these altered mature phenotypes. Further mechanistic studies are needed to 518 
disentangle these scenarios. 519 
 520 
Finally, we also report a transcriptome sorting method based on the expression of RNA 521 
markers, which we exemplify by FACS-based enrichment of AML cells upregulating lncRNA 522 
MIR181A1HG. To this day, FACS-based enrichment of nucleic acid markers remains 523 
challenging and mainly relies on fluorescence in situ hybridization (FISH) of chemically cross-524 
linked cells (60, 61), or custom-built microfluidic platforms (62). Th use of SPCs provides a 525 
straightforward option for a high-throughput sorting of single transcriptomes based on a nucleic 526 
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acid target of interest – a simplified and user-friendly option to enrich virtually any desirable 527 
cell population, without specific antibodies or FISH probes. Thus, compared to current scRNA-528 
seq and FACS-based technologies, the SPCs offer large flexibility, establishing them as a 529 
versatile and scalable platform for next-generation single-cell assays. 530 
 531 
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